To prepare high strength SiC fibres that cannot be broken with a shear force because of the absence of bend portions, a firing tension is necessary in the pyrolysis of polycarbosilane bundles. However, up to now, no theoretical discussions were released on the tension schedule. Some theoretical aspects, therefore, such as constitutive model, Weibull parameters, peak load/stress, survival probability and upper limit tension were discussed and a theoretical tension schedule was proposed in the paper.
1.INTRODUCTION
Polycarbosilane-derived SiC fibres have a similar route to polyacrylonitrile-based carbon fibres, namely, a process involving synthesis, spinning, curing and pyrolysis is usually applied [1] [2] . To prepare high strength and high modulus carbon fibres, one often thinks of a considerable stress on the cured polyacrylonitrile fibres before and/or during pyrolysis [3] . However, this technique cannot be directly adopted for the cured polycarbosilane fibres because their strength is still much lower before pyrolysis or even at lower pyrolysis temperatures. And the question arises that what a specific tension schedule is the most suitable for the pyrolysis of cured polycarbosilane fibres since their strength increases remarkably with increasing of pyrolysis temperatures and could be as high as that of carbon fibres after pyrolysis.
During the pyrolysis, considerable volume shrinkage occurs accompanied by considerable weight loss and density increase, and at the same time, a compressive stress arises. To balance this stress, as expected, too lower a tensile stress cannot take effect and a too higher one may result in the failure of filaments or the whole bundle [4] . Although commercial SiCbased fibres have been produced from various polycarbosilanes, little literature was released on the pyrolysis under tensions. Yajima pointed out the importance of firing tension in the preparation of high strength SiC fibres as it can eliminate bend portions [5] , unfortunately, however, no tensile schedule was suggested in the patent. Our own results also showed that a tensile strength improvement of more than 10% could be achieved using an experiential tensile schedule [4] . Therefore, in this paper we are going to discuss, in the theoretical terms, what is the upper limit tension loaded on a polycarbosilane bundle pyrolysis up to a certain temperature and what a specific tension schedule is the most suitable for the pyrolysis of polycarbosilane bundles. Note that, to prepare high tensile strength SiC fibres, we hold the opinion that an upper limit tension is preferred, of course, in case of an acceptable breaking probability.
2.STATISTICAL DAMAGE CONSTITUTIVE MODEL OF FIBRE BUNDLES
The well-known Weibull distribution is the most widely used for the description of the statistical distribution of failure strengths of fibres under uniaxial stress states. Most authors assume the presence of a single population of volume-located fractureinducing flaws and the Weibull distribution is given by:
where F(ó) is the fracture probability for the stress (ó), L, the fibre length, â, the shape parameter (or Zeng-yong Chu, Chun-xiang Feng, Yong-cai Song, Da-zhi Jiang, Ying-de Wang, Jun Wang the Weibull modulus, m) and ó 0 , the scale parameters (ó 0 =á -1/â ). In the above expression, L has a unit of meter, â is a dimensionless parameter and so ó 0 no longer has simple units of stress. To be simplified, unit of the scale parameter was omitted in this study. The two adjustable statistical parameters of the Weibull distribution (â and ó 0 ) could be derived from strength values of single filaments using an estimator or by the application of Weibull fitness function in, for example, MATLAB software [6] . In the paper, we used the Weibull fit function, WEIBFIT in MATLAB6.0 (the MathWorks Inc., USA), to calculate Weibull parameters. The regression is exactly based on the maximum likelihood criterion as explained by the software. The maximum likelihood approach for estimating the adjustable statistical parameters is well developed and well respected by the statistical community [7] .
Weibull parameters could be obtained from singlefilament tests. In this study, then, we are going to use the properties of single filaments to deduce the bundle behaviour assuming that fibres within a bundle act independently and that the only differentiation between single filaments and bundles is the population (that affects the cross-sectional area). Therefore, we adopted a model similar to that firstly developed by Daniels in 1944 [8] . In the model, the N parallel fibres of the same length, L, cross-sectional area, A, are rigidly fixed between the two end. The following three terms are assumed: 1) each fibre remains completely elastic until it ruptures when the tensile force in the fibre reaches its rupture strength; 2) the interaction between fibres is neglected (as n single fibre break, the residual load is equally allotted to the N-n surviving unbroken fibres.) and 3) the strength of the single fibre is satisfactorily given by the single-modal Weibull distribution. Then the stress strain relationship of a fibre bundle can be obtained as Equation 2 [9] :
where ó b is the bundle stress and P is the load of the fibre bundle for the strain å.
Taking E as 220 GPa, â as 5.0, ó0 as 1.43 and L as 0.025m (the typical properties of Nicalon fibres [2] ), we may obtain a simulated stress-strain behaviour of a bundle of SiC fibres, as illustrated in Fig.1 . In addition, the survival probability of a single filament in the bundle was also shown. Here, the survival probability, SP, is the probability of survival of the fibres, which equals to the fraction of unbroken fibres in the bundle, i.e.:,
As shown in Fig.1 , when the stress arises from zero to the peak value, the cracking of filaments occurs but at a much lower level. The cracking is much accelerated, however, once the stress passes the peak and begins to drop. Using the Monte Carlo method to generate strength variants in a Weibull distribution, we have obtained a simulated tensile morphology of the fibre bundle, as illustrated in Fig.2 . In the simulation process, each filament is considered to be composed of m units with random fracture stresses as generated above and therefore, the filament strength will equal to the unit stress which has the least stress value along this single fibre. Once the allocated tensile stress exceeds its filament strength, the single fibre will break at the least stress unit. Fig.2 vividly explains that even a slight increase of the strain, e.g., 0.2%, from the strain (1.0%) at the peak stress, can result in doubled cracks of the filaments. In addition, we may infer that any higher tensile stress than the peak value would break the whole bundle immediately. Therefore, the stress/ tension loaded on the bundle must not exceed the peak stress/load in the preparation of multifilament continuous SiC fibres; otherwise, no continuous fibres could be obtained. In the present case, the peak stress is 1.78GPa.
However, for the stresses lower than 1.78GPa, each one is also corresponding to a different survival probability of the fibres. To tell the upper limit tension that can be loaded on a bundle (hereafter, we used the upper limit tension on a bundle for short.), we should be informed a specific SP firstly. For example, Fig.1 respectively, with the corresponding stress (strain) values denoted below each illustration.
Theoretical Aspects of a Tension Schedule Proposed for the Pyrolysis of Polycarbosilane Bundles
given a SP of 99% for the bundle in Fig.2 , we can firstly obtain å, 0.54%, from Eq. 3; then the corresponding bundle stress, ó b , is 1.18GPa, from Eq. 2; and the upper limit tension on the bundle should be P=NAó b =1.18NA. More specifically, if N equals to 500, A to 1.33E-10m 2 for an average diameter of 13ìm, the upper limit tension, P, should be 78.3N (or 7.83Kg), which is about 34% lower than the peak load of this 500-filament bundle (P=1.78NA=118.1N, or 11.81Kg).
A TENSION SCHEDULE PROPOSED
FOR THE PYROLYSIS OF POLYCARBOSILANE BUNDLES From all the above analysis we can see that the upper limit tension on a bundle could be obtained given a specific SP as well as the values of N, A, E, â and ó 0 for a specific fibre length, L. This makes it true that the up limit tension on a polycarbosilane bundle pyrolysed up to certain temperature could be derived from the strength measurement of single filament.
Therefore, an air-cured polycarbosilane bundle of 500 filaments was heat-treated up to a certain temperature with a heating rate of 100 o C/h. The holding time at the highest temperature was 1h. Then using the conventional window card technique, single-filament tests were performed using a computer-aided device to record their corresponding load-displacement curves. The confidence level associated with the device specially designed for single-filament tests is as low as 0.01N in load or 0.01 mm in elongation. The gauge length was 25 mm and more than 50 specimens were tested for each sample. Fibre diameters were measured using a micrometer; also more than 50 specimens were tested. The strain values were automatically corrected before evaluating Youngs modulus, that is, the strain values are referring to net fibre extensions.
The corresponding data were listed in Table 1 . Items in the left three columns, average diameter, average Youngs modulus and average tensile strength were obtained from the single-filaments test for a set of 50 filaments. In this case, the gauge length, L, is 0.025 m. In addition, the strength values of the single filaments were assumed to be the very strength distribution of the whole bundle and they were used to obtain the Weibull parameters that are intrinsically capable of the whole bundle. Taking the 1300 o Cpyrolysed fibres for example, put the strength values Given a survival probability of 99%, the upper limit tension on the bundle could be calculated by the combination of Eq.2 and Eq.3, a process similar to the example shown in the above Section. In addition, the upper limit tension on a 2.5 m-bundle could also be derived on the assumption that the Weibull parameters are constant. The process is also similar to the above instance with an exception that L was taken as 2.5 m other than 0.025 m. Interestingly, by a simplification approach, the upper limit tension on a 2.5 m-long bundle, denoted as P 2.5 , could be obtained from the upper limit tension on a 0.025 mlong bundle, denoted as P 0.025 , according to the following equation, P 2.5 = (2.5/0.025) -1/â P 0.025 =100 -1/â P 0.025 . Of curse, this simplification is based on the preconditions that the bundles are the same bundle with a difference in length and both are under a same survival probability. However, processing the upper limit tension on a 2.5 m-bundle may cause some deviations since the Weibull parameters are not constant as the fibre length changes [6, 10, 11] , especially when the gauge length is lower than 20 mm. The variations in Weibull parameters with gauge length are believed to be manifestations of the various strength regimes accessed by the different gauge lengths, each giving values of Weibull parameters that represent an approximation to the distribution over a limited strength range [6] . But studies also reveal that when the gauge length exceeds 20 mm, the difference in thus obtained Weibull parameters will be very small [6] . Therefore, we think that the Weibull parameters obtained on a gauge length of 25 mm can be used to represent those of 2.5 m-fibres, regardless of some considerably low strength values caused by accidental rare defects present in the long fibres, which are not part of the normal defect population [12] . In general, however, people may think that the Weibull scale parameter will decrease greatly as fibre length increases. Thats because a simplified form of Eq.1 without fibre length, L, is usually applied to deduce the Weibull scale parameter, which has a simple unit of stress.
Similar to the published data, the mechanical properties of polycarbosilane fibres change remarkably during the pyrolysis. As a consequence, the upper limit tension increases from 0.05N for the cured precursor bundle to 41.35N after a heattreatment at 1200 o C for 1h. Since there is no great changes between the air-cured fibres and the 400 o Ctreated fibres, the mechanical properties of the fibres pyrolysed below 400 o C were taken as the same to those of the air-cured fibres.
On the base of the upper limit tension, P i , on the polycarbosilane bundle heated after the ith temperature, T i , we may obtain the upper limit tension on the bundle at the temperature range
. Therefore, in case of 99% fibres survival, a tension schedule can be carried out for the air-cured polycarbosilane bundle of 500 filaments, as shown in Fig.3 . In the figure, the dashed line demonstrates a 0.025 m-bundle, which has no practical meanings. But the solid line for a 2.5 m-bundle is very applicable, especially to the multi-step continuous pyrolysis of polycarbosilane bundles. For example, we have successfully prepared high strength continuous SiC fibres in a pilot scale using this tension schedule [4] . Of course, in the practical uses, a 5step or 4-step tension schedule may be enough. In all, using the properties of the single filaments to deduce the bundle behaviour as well as the tensile schedule is simple and applicable. However, some people believe that the single-fibre test cannot simulate well the bundle behaviour because not all fibres survive extraction from a bundle and the fibres that do are the fibres of superior strength by origin. Hence, the single fibre test is believed to lead to a truncated (higher) strength distribution than is truly present in a bundle. The problem existed indeed in this study, for example, not all the extractionextraction attempts were successful, especially for the low strength fibres (~10% attempts failed for the as-received air-cured precursor fibres). But when the average tensile strength is higher than 2.0 GPa (over 900 O C), all the fibres could survive extraction and this problem is not a problem any more. That is to say, the extraction procedure may bias the real strength distribution for the low strength fibres (the fibres pyrolysed at lower temperatures). Thats why we did not use the peak load/stress, which is corresponding to a survival probability of 80.9% in the example of Section 2, to design a tension schedule; on the contrary, we selected a survival probability of 99% to deduce upper limit tensions to propose a tension schedule. Thus we can make sure that the upper limit tension be lower than its corresponding peak load. Of course, one may make a more realistic simulation of the bundle behaviour by obtaining the properties and parameters from the displacement-controlled bundle tests [9] , which, however, need a much more precise device that are not so common.
CONCLUSIONS
On the base of a statistical damage constitute model of fibre bundles, a tension schedule was carried out for the pyrolysis of polycarbosilane precursor fibres. Some theoretical aspects of the schedule, as well as the process to propose the schedule, were discussed in detail. The schedule is very applicable in view of our own work and it may be applicable to other polymer-derived ceramic fibres with or without any modifications.
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